Liver fibrosis is a hallmark of chronic liver disease, characterized by the excessive accumulation of extracellular matrix proteins. If the underlying cause of chronic liver disease is untreated, liver fibrosis may progress to cirrhosis which constitutes the most important risk factor for hepatocellular carcinoma (HCC).^[@R1]^ Liver fibrosis must be diagnosed and staged accurately as it informs treatment decision and prioritization of intervention by clinicians. Some treatments have shown to slow down or reverse the progression of fibrosis in its early stages.^[@R2]^

Although liver biopsy is the reference standard for the diagnosis and staging of liver fibrosis, it is associated with pitfalls such as its invasiveness, high sampling variability, and low patient acceptance.^[@R3],[@R4]^ Hence, there is a need for noninvasive techniques to assess liver fibrosis, especially in its early stages before the advent of complications. Several imaging techniques, implemented on ultrasound, computed tomography, and magnetic resonance imaging (MRI), have been proposed in recent years for quantitative assessment of liver fibrosis. Worldwide, ultrasound-based elastography techniques are arguably the most widely used. For the purpose of this review, we will focus on MRI-based techniques for liver fibrosis quantification.

This article will briefly review the clinical background of liver fibrosis. MRI-based techniques will be discussed, including magnetic resonance elastography (MRE), diffusion-weighted imaging, texture analysis, perfusion imaging, hepatocellular function assessment, strain imaging, and T~1ρ~ imaging. For each technique, we will provide a general description of the physical concept, discuss their advantages and limitations, and summarize their diagnostic performance.

LIVER FIBROSIS: BIOLOGICAL BACKGROUND
=====================================

Pathophysiology
---------------

Liver fibrosis is a wound healing response to acute or chronic liver diseases.^[@R5]^ Liver injury induces inflammation, which transforms hepatic stellate cells from their quiescent state to proliferative, fibrogenic, and contractile myofibroblasts.^[@R6]^ These activated hepatic stellate cells produce extracellular matrix proteins (such as collagen, laminin, elastin, and fibronectin) which lead to fibrosis deposition.^[@R7]^ Liver fibrosis is characterized by an excessive accumulation of these proteins (fibrogenesis) not balanced by matrix degradation by enzymes over time.

Liver fibrosis may progress to cirrhosis, the end stage, which constitutes the most important risk factor for developing HCC.^[@R8]^ Liver cirrhosis is associated with additional complications such as portal hypertension, bleeding of esophageal varices, ascites, hepatic encephalopathy, and thrombosis in the portal venous system. Early detection and treatment of the underlying cause of liver disease is critical because liver transplantation constitutes the only curative therapy for decompensated liver cirrhosis.

Epidemiology
------------

Worldwide, chronic liver disease and cirrhosis accounted for 1.3 million deaths in 2015.^[@R9]^ In the United States, chronic liver disease and cirrhosis are listed as the 10th leading cause of death, accounting for 25,000 annual deaths.^[@R10]^ All causes of chronic liver disease may lead to liver fibrosis, including chronic viral hepatitis (caused by hepatitis B, C, and D), alcoholic liver disease, nonalcoholic fatty liver disease (NAFLD), hemochromatosis, alpha-1 antitrypsin deficiency, Wilson disease, primary biliary cirrhosis, primary sclerosing cholangitis, and autoimmune hepatitis.

The arrival of new effective antiviral therapy for hepatitis C,^[@R11]^ systematic screening of hepatitis B and C viruses in blood products, and vaccination campaigns may reduce the incidence and prevalence of liver fibrosis associated with viral hepatitis. However, the incidence of liver fibrosis associated to NAFLD is expected to rise in parallel to the high prevalence of type 2 diabetes and obesity observed worldwide.^[@R12]--[@R14]^

Liver Biopsy and Staging
------------------------

Liver biopsy is the reference standard for diagnosis and staging of liver fibrosis.^[@R4]^ The amount and distribution of fibrous tissue in the hepatic lobule are assessed visually on histopathology slides. Different liver fibrosis staging systems are used depending on the cause of underlying chronic liver disease. Some of the most frequently used staging systems include the METAVIR,^[@R15]^ Ishak,^[@R16],[@R17]^ and Laennec systems^[@R18]^ for hepatitis B and C, and Brunt system for NAFLD and nonalcoholic steatohepatitis.^[@R19]^ The Laennec system is a modification of the METAVIR system that refines the classification of cirrhosis into 3 groups based on the thickness of the fibrous septa and the size of nodules. Unlike the METAVIR and Brunt systems, which assign scores from 0 to 4, the Ishak system assigns scores from 0 to 6, and the Laennec from 0 to 4 with further subdivisions (4A, 4B, and 4C) for cirrhosis.

In the radiology literature, as in several histological scoring systems for fibrosis, it is a common practice to report (or when necessary convert) the liver fibrosis stage on a scale from 0 to 4, where F0 indicates the absence of fibrosis; F1, minimal fibrosis distributed in the perisinusoidal or periportal areas; F2, significant fibrosis with portal fibrosis and a few bridges between portal areas or hepatic veins; F3, severe bridging fibrosis with architectural distorsion; and F4, liver cirrhosis with fibrosis delineating regenerative nodules^[@R16]--[@R19]^ (Fig. [1](#F1){ref-type="fig"}).

![Examples of biopsy samples from patients with hepatitis C and fibrosis stages 0 to 4 according to the METAVIR staging system based on Masson\'s trichrome stain (2.5× to 10× magnification). Fibrosis stage 0: no fibrosis; fibrosis stage 1: mild portal and periportal fibrosis; fibrosis stage 2: portal fibrosis with few septa; fibrosis stage 3: more severe bridging fibrosis; and F4: cirrhosis. Figure 1 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g001){#F1}

Advantages of liver biopsy include direct assessment of liver fibrosis stage on tissue specimen, ability to assess histopathological features other than liver fibrosis, such as liver inflammation, steatosis, iron deposition, biliary disease, and overlap syndromes.^[@R20],[@R21]^ Limitations of liver biopsy include sampling variability due to disease inhomogeneity,^[@R22]^ invasiveness of the procedure,^[@R23]^ possible complications such as pain and bleeding,^[@R23],[@R24]^ reluctance from patients and physicians,^[@R25],[@R26]^ cost of procedure, and limited ability to perform longitudinal monitoring of disease. These potential limitations of liver biopsy underscore the clinical need for noninvasive imaging techniques for diagnosis, staging, and monitoring of liver fibrosis.

MAGNETIC RESONANCE IMAGING TECHNIQUES FOR FIBROSIS QUANTIFICATION
=================================================================

We provide a description of the physical concepts of each MRI technique for fibrosis quantification and discuss their advantages and limitations below. We also report their diagnostic performance, which is summarized in Table [1](#T1){ref-type="table"}.

MAGNETIC RESONANCE ELASTOGRAPHY
===============================

Description
-----------

MRE is a technique used to measure the mechanical properties of tissues (such as stiffness, elasticity, and viscosity) by acquiring images of the propagation of a shear wave created by an external source of motion. MRE requires several components to generate mechanical waves, acquire MR images of wave motion, and produce quantitative maps of liver stiffness. Briefly, an external driver is necessary to create the mechanical waves, a phase-contrast pulse sequence with motion-encoding gradients to encode tissue motion, postprocessing to track wave length and amplitude, and inversion algorithms to create quantitative maps of tissue stiffness (also known as elastograms) (Fig. [2](#F2){ref-type="fig"}).

![Illustration of the steps involved in magnetic resonance elastography. A, The passive driver (shown) is positioned over the patient\'s liver and secured with an elastic band under a phased-array torso coil (not shown). B, The induced vibrations create shear waves which are phase encoded with bipolar motion encoding gradients (MEG) shown on this MRE pulse sequence diagram. C, A shear wave image is shown, with positive amplitude values represented in red and negative values in blue. D, Elastograms are calculated by solving an inverse problem and represent the liver stiffness (illustrated on a scale from 0 to 8 kPa in this example). Figure 2 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g002){#F2}

### Driver

The driver is the hardware component which induces periodical shear waves into the liver tissue. While many driver designs are possible,^[@R45]^ the most widely used implementation relies on an acoustic design commercialized by Resoundant (Rochester, MN) and standardized across major MRI manufacturers. In this design, an active driver is located outside the examination room, in the equipment room. It creates air compression waves which are transmitted through a plastic tube to the passive driver place on the patient\'s abdomen. The compression waves are then converted to shear waves by a process known as mode conversion.^[@R46]^ Other designs may induce shear waves directly. Some of these involve a driver inside the examination room, far enough from the bore to reduce electromagnetic interference. The movement is transmitted mechanically to the patient using a rod or arm made of an MR-safe material. There are also drivers which are placed directly on the patient inside the bore, such a piezoelectric drivers. The vibrations used are either mono- or multifrequency.^[@R46]^ The most frequently used commercial implementation relies on a single 60 Hz frequency.^[@R47]^

### Phase-contrast Pulse Sequence

The pulse sequence encodes the shear wave motion by using bipolar gradients with alternating polarity, typically at the wave frequency. These motion encoding gradients encode wave amplitudes in the order of tens of microns into the phase of the signal.^[@R48]^ Both sinusoidal and trapezoidal gradient shapes have been used for this purpose.^[@R49]^ The phase of the magnetization is proportional to the amplitude of the mechanical wave propagated in tissue.^[@R48]^ Many pulse sequences have been applied successfully to MRE: balanced steady-state free precession,^[@R50]^ spin-echo,^[@R51]^ gradient-recalled echo,^[@R52]^ and echo-planar imaging.^[@R53]^ Phase images are used to calculate the tissue displacements and magnitude images as anatomical reference. Acquisitions are repeated with different phase offsets between the mechanical waves and motion encoding gradients to create cine wave images that reveal amplitude, wavelength, and direction of shear-wave propagation.

### Postprocessing

A curl operator is used to remove the compression wave component and retain shear waves only. Subsequently, an inversion algorithm is applied to shear wave images to compute a stiffness map known as an elastogram that represents the magnitude of the complex shear modulus \|G\|.^[@R48],[@R54]^ In a research setting, some have reported separate quantitative maps for the storage modulus and loss modulus (G′ and G′′) components of the shear complex modulus. Of note, these mechanical properties are independent of magnetic field strength; hence, results and diagnostic thresholds are comparable at 1.5 and 3.0 T.^[@R55]^

### Measurement

From these mechanical properties maps, a single value needs to be extracted for the purpose of fibrosis staging. This is done by averaging the mechanical properties over a region of interest (ROI), carefully drawn to avoid the liver capsule and vessels. Research on algorithms for artifact correction and liver tissue segmentation may soon automate this process.^[@R56]^ Higher liver stiffness is associated with higher fibrosis stages, as fibrosis tends to render the tissue stiffer as the stage increases. Shear stiffness thresholds have been proposed for liver fibrosis staging, but these thresholds vary between studies depending on the underlying cause of chronic liver disease and technique used (eg, gradient-recalled echo vs echo planar imaging, 2D vs 3D acquisition, 40 vs 60 Hz MRE) (Table [2](#T2){ref-type="table"}).

Advantages and Limitations
--------------------------

MRE has been standardized and shows repeatable results across sites.^[@R75],[@R76]^ It has also shown higher diagnostic performance than ultrasound elastography methods in head-to-head comparisons and than any other method described in this review. MRE also has the advantage of being technically feasible in larger patients or those with ascites.^[@R77]^

However, MRE is associated with several biological confounders such as concomitant liver steatosis, inflammation, cholestasis, hepatic venous congestion, postprandial state, and right heart failure.^[@R78]^ Except for liver steatosis, most of these confounders elevate liver stiffness, which may lead to overestimation of fibrosis stage. MRE may be affected by moderate to severe iron deposition in the liver, which leads to low signal-to-noise ratio and sometimes inconclusive measurements. This effect is accentuated by larger field strengths and when using gradient-echo--based sequences.^[@R79]^ Finally, MRE requires additional hardware.^[@R80]^

Diagnostic Performance
----------------------

According to four meta-analyses^[@R27],[@R69],[@R81],[@R82]^ that include a total of 19 studies and 1441 patients, MRE shows high diagnostic performance for staging liver fibrosis. The area under the receiving characteristic curves (AUCs) are in the range of (0.84--0.95), (0.88--0.98), (0.93--0.98), and (0.92--0.99) for classification of liver fibrosis stage ≥1, ≥2, ≥3, and 4, respectively. MRE has been shown to offer greater diagnostic performance than US elastography techniques in general as well as in head-to-head comparisons.^[@R83],[@R84]^

DIFFUSION-WEIGHTED IMAGING
==========================

Description
-----------

Diffusion-weighted imaging (DWI) measures the Brownian motion of water molecules. This is accomplished by applying bipolar gradients with equal positive and negative surface areas or, equivalently and most frequently, by using a spin-echo sequence with identical gradients on both side of the refocussing pulse. This results in dephasing, followed by complete rephasing of the magnetization of stationary spins. Moving spins, however, do not recover full magnetization as they accumulate phase offsets. When the many dephased spins in the voxel are combined, the result is phase dispersion which reduces the magnitude of the signal. The tissue signal is plotted as a function of the *b* value, which is a factor that defines the gradient strength and duration. Each data point is acquired with a different *b* value. There are several types of analyses, but most are not typically used for liver imaging.

Two approaches are most frequently used for the assessment of liver fibrosis. First, the apparent diffusion coefficient (ADC) values are extracted using a monoexponential model (Fig. [3](#F3){ref-type="fig"}). This can be done with as few as 2 data points, generally 1 without motion-encoding gradients (*b* = 0 s/mm^2^) and 1 with high diffusion weighting (*b* ≥ 200 s/mm^2^). ADC is obtained from the slope of a linear regression of the semi-log data.^[@R85]^

![Diffusion-weighted images acquired (A) with diffusion weighting (*b* = 0, 10, 20, 30, 40, 50, 100, 200, 400, and 800 s/mm^2^). B, The signal from the 2 extreme *b* values is plotted semilogarithmically as a function of their *b* value and a linear regression is used to extract the apparent diffusion coefficient ADC (mm^2^/s) for a given pixel. C, A color parametric map of ADC values is computed for each pixel of the image. Figure 3 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g003){#F3}

Alternatively, intravoxel incoherent motion analysis is performed with several *b*-values, in particular with low *b* values (\<200 s/mm^2^). This type of data is analyzed using a biexponential model which results in 3 parameters: *D*, or the diffusion coefficient, *D∗*, or the perfusion or pseudodiffusion coefficient, and *f*, the perfusion fraction.^[@R86]^

The relationship between ADC and fibrosis stage has been explored by several studies, with conflicting results. Some have found a decrease in ADC with increasing fibrosis stage.^[@R85],[@R87]--[@R90]^ However, a study^[@R91]^ observed this effect only in living rats, but not in dead rats, which suggests that perfusion rather than diffusion is being affected by fibrosis stage. The rationale for the decrease in ADC is that the presence of collagen fibers restricts diffusion of water. This hypothesis has been further tested in intravoxel incoherent motion studies, which have found that the parameter which was most affected by fibrosis stage was D∗, suggesting that small-vessel perfusion rather than diffusion is hindered.^[@R38],[@R86],[@R92]--[@R94]^ The activation of stellate cells and deposition of collagen may be responsible for decreased perfusion and portal hypertension.^[@R95]^

Advantages and Limitations
--------------------------

DWI is available on most MRI scanners and does not require additional hardware. It is also a relatively fast method. However, it is sensitive to image noise and highly sensitive to motion by nature, making measurements unreliable, especially in the left liver lobe which is affected by cardiac motion. DWI for the staging of fibrosis also suffers from a lack of standardization. From 1 center to another, different *b*-values and analysis techniques are utilized, making results unrepeatable as it has been shown that ADC varies depending on the *b* values used to calculate it.^[@R96],[@R97]^ Finally, DWI results are also affected by confounders such as incomplete fat saturation and iron deposition.^[@R98]^

Diagnostic Performance
----------------------

From a meta-analysis of 10 studies including 613 patients,^[@R27]^ AUCs of 0.86 for staging fibrosis stage ≥1, 0.83 for fibrosis stage ≥2, and 0.86 for fibrosis stage ≥3 were found.

TEXTURE ANALYSIS
================

Description
-----------

Texture analysis aims to quantify texture features from images of the liver tissue. These images can be acquired with a variety of sequences. Noncontrast-enhanced studies have been used for this purpose, including T1-weighted,^[@R99]^ T2-weighted,^[@R31]^ and proton density--weighted imaging.^[@R100]^ Other studies have used contrast-enhanced or even double contrast-enhanced images, which have the advantage of resulting in more conspicuous texture features.^[@R33],[@R101]--[@R103]^ Several texture features can be extracted from an ROI within the image of the tissue, using different types of analyses. Examples include first order or gradient-based histogram features and autoregressive model features.^[@R101]^ These features may be combined to provide a more complete assessment of tissue texture. Staging fibrosis using these features is made possible by the coarser texture of the tissue in fibrosis or cirrhosis, providing higher standard deviation and entropy with increasingly higher fibrosis stages (Fig. [4](#F4){ref-type="fig"}).

![Examples of contrast-enhanced images in 3 different patients with chronic liver disease and fibrosis stages (**A)** 1, (B) 2, and (C) 4 documented by liver biopsy. Note the coarser texture (visually assessed) of the liver, higher standard deviation (SD), and higher entropy in regions of interest (red rectangles) associated with higher fibrosis stages. Figure 4 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g004){#F4}

Advantages and Limitations
--------------------------

Texture analysis can be performed on any type of image, including other modalities than MRI (such as ultrasound and computed tomography). However, results of texture analysis depend on image quality and the placement of the ROI. The greatest limitation of texture analysis as a staging method for fibrosis is its lack of standardization. Different features and combinations of features are reported in the literature, and thus making comparisons between sites and studies challenging. Another limitation is the requirement for specialized texture analysis software.

Diagnostic Performance
----------------------

Because of the lack of standardization, there is a high variability in the diagnostic performance of texture analysis for staging liver fibrosis. Of the many studies assessing diagnostic performance of this technique, the AUCs varied from as low as 0.40 for the detection of fibrosis stage ≥3, and as high as 1.00 for the staging of cirrhosis.

PERFUSION IMAGING
=================

Description
-----------

Perfusion imaging measures quantitative or semiquantitative perfusion parameters of the liver through the use of contrast agents. Gadolinium-based contrast agents are most frequently used. Signal enhancement in the liver tissue and vessels (abdominal aorta or hepatic artery and portal vein) following the injection of one of these contrast agents is measured at different time points^[@R104]^ (Fig. [5](#F5){ref-type="fig"}). The most basic perfusion examination acquires images in the arterial phase (∼20 seconds after injection), the portal venous phase (∼70 seconds), and the delayed or late phase (3 minutes).^[@R37]^ From these images, the arterial and portal fractions can be determined.^[@R37],[@R105]^ The arterial fraction increases,^[@R37],[@R105]^ whereas the portal fraction decreases with higher fibrosis stages.^[@R38],[@R106]^ With a set of closely timed dynamic images, one can extract model-free semiquantitative parameters (such as upslope, time to peak, or peak enhancement), or use a compartmental model to calculate parameters such as arterial and portal blood flow as well as mean transit time.^[@R107]^ In the liver, the dual-input single-compartment model is most frequently used, as it takes into account the dual blood supply of the liver from the hepatic artery and the portal vein.

![Illustration of a high temporal resolution dynamic contrast-enhanced (DCE) acquisition. A, Twenty-four dynamic phases acquired using a T1-weighted gradient-echo sequence before, during, and after the injection of a gadolinium-based contrast agent. B, Estimated time courses of the gadolinium concentration for the hepatic artery, the portal vein, and the liver parenchyma. Figure 5 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g005){#F5}

Advantages and Limitations
--------------------------

Perfusion imaging can be carried out on any imaging modality (MRI, US, and computed tomography) and shows potential for prognostic significance. Thus, perfusion constants could be used to predict treatment outcome in fibrosis patients. However, perfusion imaging has some limitations. It is more invasive than other MRI-based liver fibrosis quantification techniques as it requires injection of a contrast agent. It also requires full patient cooperation and several breath holds to achieve good results, especially for proper timing of image acquisition to record the arterial and portal venous peaks. The imaging technique and analysis are also not fully standardized and some significant postprocessing is required for quantitative parameter analysis.

Diagnostic Performance
----------------------

One study^[@R37]^ has used arterial enhancement fraction thresholds to stage fibrosis. This resulted in AUCs of 0.83 for fibrosis stage ≥1, 0.85 for fibrosis stage ≥2, 0.88 for fibrosis stage ≥3, and 0.92 for fibrosis stage 4.

HEPATOCELLULAR FUNCTION IMAGING
===============================

Description
-----------

Liver fibrosis is associated with a decrease in hepatobiliary function, which can be imaged using liver-specific contrast agents. There are 2 liver-specific agents currently on the market: gadoxetate disodium and gadobenate dimeglumine. The uptake of these agents by the liver tissue relates to hepatocyte function,^[@R108]^ and therefore can reflect the stage of liver fibrosis. For the analysis of hepatobiliary function, at least 2 images are needed: before the injection of contrast, and 20 minutes after contrast injection (for gadoxetate disodium), when the uptake reaches the hepatobiliary phase. This allows the calculation of the relative enhancement of the tissue compared to precontrast signal^[@R41],[@R109]--[@R111]^ or relative enhancement compared to other organs (eg, the muscles or spinal cord).^[@R112],[@R113]^ Both of these measures of hepatocyte function have been shown to decrease in the presence of fibrosis. Another approach aims to calculate the hepatocyte fraction, which can be extracted from pre- and post-contrast T1 maps of the liver. These are then converted to a ΔR1 map, which can be used to calculate the hepatocyte fraction for every pixel.^[@R114],[@R115]^ An example of this procedure is shown in Fig. [6](#F6){ref-type="fig"}. Hepatocyte fraction decreases with an increasing fibrosis stage.

![T1 map of the liver (A) before and (B) after administration of gadoxetate disodium imaged in hepatobiliary phase. C, The hepatocyte fraction map can then be calculated from the Δ*R*1 maps of the liver. These 3 images were acquired in a patient with liver fibrosis stage 4 (cirrhosis). Image courtesy of Tomoyuki Okuaki (Philips Healthcare, Tokyo, Japan). Figure 6 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g006){#F6}

Advantages and Limitations
--------------------------

Hepatobiliary function can be performed on any MRI scanner, and involves fast post-processing. However, it is logistically more demanding as it requires image acquisition at least 20 minutes after the injection of gadoxetate disodium for hepatobiliary phase imaging, which can lengthen the examination.

Diagnostic Performance
----------------------

The diagnostic performance of this technique is variable and has only been assessed by a few studies. Also, data have only been published for assessing fibrosis stage ≥3. AUCs range from 0.63^[@R42]^ to 0.93.^[@R41]^ More studies are needed to assess the staging accuracy of this method for all fibrosis stages.

STRAIN IMAGING
==============

Description
-----------

In liver imaging, respiratory and cardiac motion are often sources of unwanted artifacts which decrease the diagnostic value of the images. Strain imaging, on the other hand, aims to use this physiological motion to measure the liver deformation.^[@R116]^ Tissue strain is higher in a normal liver (more prone to deformation) than in a fibrotic or cirrhotic liver (stiffer). Cine-tagging, a technique originally developed for cardiac imaging, has shown some promise in imaging liver strain. Its principle rests on the use of specific MR pulses which create a sinusoidal magnetization grid (or tags) which modulates the underlying image signal (Fig. [7](#F7){ref-type="fig"}). Several images are acquired over the cardiac cycle, and as the tissue becomes deformed by the stress caused by heart motion, the magnetization grid also deforms. The harmonic phase images resulting from this acquisition reflect the position of the tags and allow tracking of every point in the image over time.^[@R117],[@R118]^ By knowing the displacement of these points, it is then possible to calculate strain. It is also possible to encode strain directly into the image signal. This technique uses a similar principle as cine-tagging, also using magnetization tags, but requiring less lengthy postprocessing.

![Illustration of the steps involved in cine-tagging strain imaging. A, First, a series of. tagged images are acquired throughout the cardiac cycle: coronal image showing the heart (red hatched line) and liver (yellow hatched line). B, In the frequency domain, the modulation of the images by the sinusoidal grid creates harmonic peaks at the spatial frequency of the tags. By isolating one of these peaks (purple circle) in the *x* and *y* directions, (C) phase images allow the reconstruction of the positions of the tags which can be tracked to measure (D) the strain map (unitless). Figure 7 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g007){#F7}

Advantages and Limitations
--------------------------

MRI cine-tagging and strain-encoded imaging may be performed on most scanners and require no additional hardware. They also present the key advantage of imaging the left liver lobe, which is not assessed as reliably with other techniques such as MRE or DWI. As fibrosis is known to be a heterogeneous process, the use a technique such as MRI cine-tagging may complement other techniques that tend to sample the right liver lobe. A limitation of this technique is that postprocessing is required with cine-tagging to obtain strain maps and for ROI placement to isolate a strain value, which does require additional software to be added to the analysis pipeline.

Diagnostic Performance
----------------------

Diagnostic performance of these techniques has not yet been established, as only proofs of concepts for differentiation of normal from cirrhotic livers^[@R119],[@R120]^ have been published. Further research is required to assess the diagnostic performance of MRI cine-tagging for staging of liver fibrosis.

*T*~1ρ~
=======

Description
-----------

*T*~1*ρ*~, or the spin-lattice relaxation time in the rotating frame, has been used in many applications before being explored for assessment of liver fibrosis. Its principle is that once the spin magnetization is tipped into the transverse plane, and a pulse is applied, the magnetization enters a spin-lock state, and rotates at the frequency of the pulse. The following monoexponential decay of magnetization is sampled by imaging at different spin-lock times.^[@R121],[@R122]^ The relaxation constant associated with this decay is known as *T*~1*ρ*~ (Fig. [8](#F8){ref-type="fig"}).^[@R123]^ This method is sensitive to the presence of macromolecules, which undergo static processes and slow movements. *T*~1*ρ*~ is therefore related to macromolecular content such as collagen that accumulates in liver fibrosis.^[@R123]^ This therefore may be the cause of the observed *T*~1*ρ*~ increase in fibrosis, but the exact relationship between *T*~1*ρ*~ and fibrosis is still unknown.^[@R124]--[@R126]^

![Following the application of an RF pulse, images acquired at 4 different spin-lock times, (A) 1 ms, (B) 20 ms, (C) 40 ms, (D) 60 ms allow the calculation of (E) the *T*~1ρ~ map by fitting the signal to an exponential function. The map units are in milliseconds. Figure 8 can be viewed online in color at [www.topicsinmri.com](http://www.topicsinmri.com/).](rmr-26-229-g008){#F8}

Advantages and Limitations
--------------------------

*T*~1*ρ*~ quantification requires no additional hardware to be added to the MR system and has been implemented on most scanners as a research tool. Unlike MRE, it is unaffected by biological confounders such as postprandial state, steatosis, or iron load.^[@R124],[@R127]^ This technique is, however, sensitive to *B*~0~ and *B*~1~ field inhomogeneities and is associated with high specific absorption rate, which can be problematic at higher field strength.

Diagnostic Performance
----------------------

Two studies^[@R124],[@R128]^ have shown that *T*~1*ρ*~ can differentiate normal from cirrhotic livers. For staging fibrosis, this recent technique has seen conflicting results. One study^[@R129]^ has found correlation between *T*~1*ρ*~ and fibrosis stage, while another found none.^[@R130]^ Additional research is warranted to validate this technique and assess its diagnostic performance in staging liver fibrosis.

FUTURE DIRECTIONS
=================

This review article has focused on MRI techniques for cross-sectional assessment of liver fibrosis. Some of these quantitative MRI techniques may, however, also be used for additional indications related to liver fibrosis such as prognostic assessment of portal hypertension, risk prediction of HCC, longitudinal monitoring of liver fibrosis, and alternative to liver biopsy.

One of the potential complications of liver cirrhosis is portal hypertension, which is most often caused by increased resistance to blood flow due to perisinudoidal fibrosis. The current reference standard for assessing the portal pressure is the measurement of the hepatic venous pressure gradient, an invasive technique which requires wedging a catheter in a hepatic vein. The level of this gradient is associated with the risk of formation of esophageal varices, variceal bleeding, and mortality. Measurement of spleen stiffness by MRE has been proposed as a noninvasive alternative to evaluate portal hypertension and stratify the risk of esophageal varices in patients with cirrhosis.^[@R131],[@R132]^ Combinations of MRI techniques such as measurement of T~1~ relaxation time, liver and spleen perfusion by arterial spin labeling, and assessment of portal blood flow by phase-contrast MRI have been proposed for assessment of hepatic vein pressure gradient.^[@R133],[@R134]^

Liver cirrhosis regardless of the cause of chronic liver disease constitutes the most important risk factor for development of HCC. Patients with chronic viral hepatitis C and liver fibrosis stage 3 are also at increased risk of developing HCC. A study has found that MRE-determined liver stiffness constitutes an independent risk factor for HCC in patients with chronic liver disease.^[@R135]^ If validated, liver stiffness measured by MRE may be taken into consideration for stratifying the risk of HCC development in chronic liver disease.

For reasons discussed previously, liver biopsy is not a viable option for monitoring the progression of liver fibrosis. Therefore, there is a need for noninvasive techniques to follow fibrosis severity over time. Clinical trials studying the effect of antifibrotic treatments would benefit from these techniques.^[@R136]^ In some scenarios, such post-transplant hepatitis C, earlier detection of liver fibrosis recurrence using MRI techniques may prove essential.^[@R137]^

Multiparametric imaging, combining 2 or more quantitative MRI techniques for assessment of liver disease, would allow comprehensive assessment of liver fibrosis, along with biomarkers of liver fat,^[@R138]^ iron, biliary disease, and inflammation. Such protocols would provide a noninvasive multiparametric alternative, especially in clinical scenarios in which liver biopsy is impractical.

CONCLUSIONS
===========

Several MRI-based techniques have been developed for quantitative assessment of liver fibrosis. These techniques include MRE, DWI, texture analysis, perfusion imaging, hepatocellular function imaging, strain imaging, and T1ρ quantification. Of the many suggested techniques, MRE stands out as the most standardized and the one that has been most widely adopted in clinical practice. It also has the highest diagnostic performance compared to other MRI-based techniques and other popular methods such as ultrasound elastography. By combining quantitative techniques into multiparametric examinations, MRI offers the unique opportunity to assess the concomitant pathological changes that occur in chronic liver disease, such as fat, iron, biliary disease, and inflammation. Once validated and integrated into a comprehensive examination, these quantitative techniques may reduce the need for liver biopsy in clinical practice and in the setting of clinical trials.
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###### 

Diagnostic Performance of MRI Techniques for Liver Fibrosis Quantification

                                                                          Fibrosis Stage ≥1   Fibrosis Stage ≥2   Fibrosis Stage ≥3   Fibrosis Stage 4                                                                                    
  --------------------------------------- ------------------------------- ------------------- ------------------- ------------------- ------------------ ------- ------- ------------ ------------ ------------ ------------ ------------ ------------
  Magnetic resonance elastography         Wang et al, 2012^[@R27]^        0.83                0.99                0.95                0.94               0.95    0.98    0.92         0.96         0.98         0.99         0.94         0.99
                                          Singh et al, 2015^[@R28]^       0.73                0.79                0.84                0.79               0.81    0.88    0.85         0.85         0.93         0.91         0.81         0.92
                                          Guo et al, 2015^[@R29]^         0.87                0.93                0.94                0.87               0.94    0.97    0.87         0.92         0.96         0.93         0.91         0.97
  Diffusion-weighted imaging              Wang et al, 2012^[@R27]^        0.81                0.82                0.86                0.77               0.78    0.83    0.72         0.84         0.86         ---          ---          ---
                                          Jiang et al, 2016^[@R30]^       0.78                0.78                0.86                0.81               0.8     0.88    0.71         0.84         0.88         0.8          0.77         0.86
  Texture                                                                                                                                                                                                                                 
  Unenhanced                              House et al, 2015^[@R31]^       ---                 ---                 0.78--0.87          ---                ---     ---     ---          ---          ---          ---          ---          ---
                                          Kato et al, 2007^[@R32]^        ---                 ---                 0.53--0.60          ---                ---     ---     ---          ---          ---          ---          ---          ---
  Double enhanced                         Aguirre et al, 2006^[@R33]^     ---                 ---                 ---                 ---                ---     ---     ---          ---          0.82--0.89   ---          ---          ---
                                          Bahl et al, 2012^[@R34]^        ---                 ---                 ---                 ---                ---     ---     0.919        0.839        ---          ---          ---          ---
                                          Yokoo et al, 2015^[@R35]^       0.659               0.8                 0.814               0.895              0.778   0.889   0.778        0.784        0.862        1            0.93         0.976
  Gd enhanced                             Kato et al, 2007^[@R32]^        ---                 ---                 0.62--0.80          ---                ---     ---     ---          ---          ---          ---          ---          ---
  Superparamagnetic iron oxide enhanced   Aguirre et al, 2006^[@R33]^     ---                 ---                 ---                 ---                ---     ---     ---          ---          0.40--0.84   ---          ---          ---
  Perfusion imaging                       Hagiwara et al, 2008^[@R36]^    ---                 ---                 ---                 ---                ---     ---     0.31--0.92   0.64--1.00   0.61--0.82   ---          ---          ---
                                          Ou et al, 2013^[@R37]^          0.78                0.84                0.83                0.90               0.77    0.85    0.81         0.85         0.88         0.80         0.89         0.92
                                          Patel et al, 2010^[@R38]^       ---                 ---                 ---                 ---                ---     ---     ---          ---          ---          0.50--1.00   0.50--1.00   0.57--0.95
  Hepatocellular function imaging         Choi et al, 2013^[@R39]^        0.46                0.85                ---                 0.46               0.82    ---     0.63         0.68         ---          0.76         0.65         ---
                                          Feier et al, 2013^[@R40]^       0.70                0.85                0.81                0.75               0.77    0.82    0.73         0.87         0.85         0.83         0.80         0.83
                                          Goshima et al, 2012^[@R41]^     1.00                0.73                0.91                1.00               0.87    0.96    0.74         0.98         0.93         0.91         1.00         0.97
                                          Motosugi et al, 2011^[@R42]^    0.87                0.75                0.82                0.75               0.56    0.68    0.75         0.50         0.63         0.82         0.49         0.62
  T1ρ                                     Allkemper et al, 2014^[@R43]^   ---                 ---                 ---                 ---                ---     ---     ---          ---          ---          1.00         0.84         0.97

Adapted from Petitclerc et al.^[@R44]^.

AUC indicates area under the receiver operating characteristic curve.

###### 

Summary of Proposed Liver Stiffness Thresholds (kPa) as Measured by MRE for Fibrosis Staging

                                                                                                                              Liver Fibrosis Stage                          
  -------------------------------------- -------------------------------- --------------------------------------------------- ---------------------- --------------- ------ ------
  Chronic liver disease and volunteers   Yin et al, 2007^[@R47]^          2D GRE at 60 Hz                                     2.93                   4.89            6.47   
                                         Choi et al, 2013^[@R57]^         2D GRE at 60 Hz                                     2.9                    3.0             3.4    4.0
                                         Ichikawa et al, 2014^[@R58]^     2D GRE at 60 Hz                                     2.60                   2.80            3.60   4.00
  All liver MRI patients                 Yoshimitsu et al, 2016^[@R59]^   2D SE-EPI at 60 Hz                                  3.13                   3.85            4.28   5.38
  Chronic hepatitis B                    Venkatesh et al, 2014^[@R60]^    2D GRE at 60 Hz                                     2.74                   3.20            3.70   4.33
                                         Chang et al, 2016^[@R61]^        2D GRE at 60 Hz                                     2.56                   2.57            2.92   3.67
                                         Lee et al, 2014^[@R62]^          2D GRE at 60 Hz                                     2.45                   2.69            3.04   3.94
                                         Hennedige et al, 2016^[@R63]^    Modified GRE sequence                               ---                    3.2             3.7    4.33
                                         Ichikawa et al, 2012^[@R64]^     2D GRE at 60 Hz                                     2.30                   3.20            4.00   4.60
  Chronic hepatitis B or C               Shi et al, 2016^[@R65]^          2D GRE at 60 Hz                                     3.08                   3.13            3.74   4.18
                                                                          3D SE-EPI at 60 Hz                                  2.45                   2.79            3.28   3.57
  NAFLD and NASH                         Chen et al, 2011^[@R66]^         2D GRE at 60 Hz                                     \<2.74 (Steatosis)     \>2.74 (NASH)          
                                         Kim et al, 2013^[@R67]^          2D GRE at 60 Hz                                     ---                    \>4.15                 
                                         Loomba et al, 2014^[@R68]^       2D GRE at 60 Hz                                     3.02                   3.58            3.64   4.67
                                         Singh et al, 2016^[@R69]^        Pooled analysis from 9 MRE studies at 60--62.5 Hz   2.88                   3.54            3.77   4.09
                                         Imajo et al, 2016^[@R70]^        2D GRE at 60 Hz                                     2.5                    3.4             4.8    6.7
                                         Loomba et al, 2016^[@R71]^       2D GRE at 60 Hz                                     ---                    ---             3.80   ---
                                                                          3D GRE at 60 Hz                                     ---                    ---             3.40   ---
                                                                          3D GRE at 40 Hz                                     ---                    ---             2.43   ---
  Alpha-1 antitrypsin deficiency         Kim et al, 2016^[@R72]^          2D GRE at 60 Hz                                     3.0                    ---             ---    ---
  Autoimmune hepatitis                   Wang et al, 2017^[@R73]^         2D GRE at 60 Hz                                     ---                    ---             4.1    4.5
  Severe to morbid obesity               Chen et al, 2017^[@R74]^         2D GRE at 60 Hz                                     2.60                   3.50            3.60   4.52

EPI indicates echo planar imaging; GRE, gradient-recalled echo; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis.
